The effects of vesicular-arbuscular mycorrhizal (VAM) fungi were studied at low concentrations of applied phosphorus (P) on satsuma mandarin (Citrus unshiu Marc. cv. Okitsu wase) trees which were grafted on trifoliate orange (Poncirus trifoliata Raf.) rootstock. The VAM fungi used were Glomus ambisporum Smith and Schenck, Glomus fasciculatum
Introduction

VAM endophytes
are obligate biotrophic fungi forming symbiotic relationships with the roots of many plants (Al-Raddad, 1987; An et al., 1993) Many studies have been conducted utilizing VAM fungi in the search for different beneficial symbiotic relationships with fruit trees. Ishii et al. ( 1993 and Ishii and Kadoya (1994) reported on their beneficial effects on soil managements such as use of charcoal and sod culture system using Bahia grass (Paspalum notatum Fliigge.). It has been known that efficient absorption of phosphorous (P) fertilizer may affect not only the growth but also water stress tolerance of citrus trees (Levy et al., 1983) . Nelsen and Safir (1982) reported that the ability of mycorrhizal hyphae to maintain P delivery to the root at low soil moisture was the basis for improved drought tolerance. Even though the importance of the role of VAM fungi in water stress tolerance is widely recognized, we have no knowledge of the symbiotic relationship between VAM fungi and citrus fruit quality.
There are many reports that VAM fungi stimulate citrus growth by promoting P absorption. Yuda et al. (1981) (B) Fruit development and quality In 1992 when rainfall was low (Fig. 1) , fruit development was severely depressed and resulted in a higher Brix value and higher Brix/acid ratio in the fruit juice. In the non VAM plot, the fruit response to the water stress was especially conspicuous. In 1993 when the rainfall was high from June to November, there was no significant different on fruit size and shape index between VAM and non VAM trees. Brix value and the Brix/acid ratio significantly increased and acid content decreased in all VAM fungi-inoculated trees more so than in the control; the average fruit production per tree and the a/b value of peel color in all VAM trees were higher than those in non VAM trees (Table 2) .
Experiment 2
When the relationship between VAM development and water stress was examined, a leaf wilting symptom was barely visible in the VAM and Table  1 . Effects of VAM fungi-inoculation on tree growth and leaf P concentration of satsuma mandarin trees in 1992 and 1993.
• Fig. 1 . Precipitation in 1992,,and 1993 and the mean of monthly precipitation over five years (1987 to 1991). non VAM trees until 5th day of water stress. However, the degree of wilting and defoliation increased with increasing the soil pF value; most of the non VAM trees died within 10 days after covering the pots (Fig. 2) , whereas the symptoms of water stress in VAM trees were hardly noticeable (Table 3) .
Discussion
It has been well-documented that the inoculation of VAM fungi stimulates the growth of citrus seedlings in the presence of less P (Allen and Boosalis, 1983; Graham et al., 1987; Levy et al., 1983; Nemec, 1978) . Citrus species are all VAMdependent, but differ in their degree of dependency (Krikun and Levy, 1980; Menge et al., 1978) . On trifoliate orange seedlings, the most commonly used rootstocks in Japanese citrus industry, and Tang et al. (1982) reported that VAM-inoculated seedling grew more vigorous that did the non VAM seedlings. Similarly, our research indicates that although a wide variation of root infection among and within different species of VAM fungi occurred, the growth of fruit-bearing satsuma mandarin trees on trifoliate orange rootstocks was stimulated by inoculation with 4 different species of VAM fungi in the presence of low P concentration (Table 1) . Yuda et al. (1981) reported that P fertilization to satsuma mandarin might improve fruit quality by significantly reducing organic acid content in (Ichiki et al., 1974; Okada and Hisada, 1971; Wada et al., 1971) . Wada et al. (1971) reported that fruit quality or tree vigor did not suffer from the lack of P fertilization for many years. However, the above researchers made no mention of the percent infection of mycorrhizal fungi on citrus roots. Phosphorus is not readily available to the trees even when large quantities are applied if the soil is acidic (Yuda et al., 1981) , also high concentrations of P in the soil is known to inhibit VAM development. It is well known that VAM fungi are ubiquitous, and that the fungi enhance uptake of mineral nutrition, particularly P nutrition, and stimulate growth of host plants under low P conditions.
It has not yet been reported that VAM fungi-infected citrus trees produce better quality fruits than do non-infected trees. Fruit size and peel colors are desirable criteria, but the Brix/acid ratio of the juice is equally important. Because high citrus fruit quality is demanded by consumers, much effort has been given to improve quality. In our experiment VAM fungi-inoculated satsuma mandarin trees promoted vigorous tree growth and higher leaf P concentration than did non-inoculated trees. Higher P concentration in VAM trees may have contributed to the increase of Brix value and Brix/acid ratio by reducing the organic acid content in the juice, thus improving fruit quality. In VAM fungi-inoculated trees, sugar content ranged from 11 to 13 Brix, the average fruit production was three to five times more, and a/b value of peel color was higher compared to the same criterion in non VAM. Further, there was no significant difference in fruit quality and development between 1992 and 1993 on VAM trees. In contrast, there was a significant difference in fruit quality and size between seasons on non VAM trees. Due to the limited rainfall over five years prior to 1992, the Brix value increased to 13.2 whereas the fruit development was retarded that season. In 1993, however, heavy precipitation from June to November (144 % more than in 1992) caused sufficient water supply to the trees and lowered the Brix value of non-infected trees. Yakushiji et al. (1992) reported that higher sugar accumulation in the fruit juice of satsuma mandarin trees which are grown under a low (more negative) water potential is attributed to internal osmoregulation in the trees. It is reported that VAM fungi-infected trees can increase the uptake of nutrients into the plants (Cooper, 1984) , reduce the susceptibility of plant to certain pathogens (Dehne, 1982) , alter the water relations and photosynthetic capacity of plants (Brown and Bethlenfalvay, 1988; Nelsen and Safir, 1982) , and increase reproduction (Koide et al., 1988) . These beneficial effects of the VAM trees could result in the annual production of high quality citrus fruits.
The infection by mycorrhizal fungi increased P nutrition of plants and the enhanced water conductivity was attributed at least in part to increased surface area for water uptake provided by the mycorrhizal hyphae (Allen et al., 1981; Hardie and Leyton, 1981) . The hyphae may also bridge the gap that occurs as the soil dries and separates from the root (Graham et al., 1987) . In our experiment with (Gigaspora ramisporophora) VAM fungusinoculated trees, root fresh weight of VAM trees was about three times greater than that of non VAM trees. Because of greater root volume after the infection, the hydraulic conductivity of VAM trees affects the total fresh weight of the trees by maintaining a high level of photosynthetic activity and transpiration rate under adverse climatic conditions (Shrestha, 1994) . The higher rates of water uptake and transpiration a) help to decrease the leaf temperature that provides favorable conditions for photosynthesis and b) prevent wilting and defoliation. In Japanese citrus cultivation, trees grown in a plastic green house are forced to grow by controlling soil moisture. Mulching cultivation using a plastic sheet on the soil surface is the other popular method practiced in the field to create water stress. Controlling available moisture in the soil and fertilization are very important practices in producing high quality fruit because limiting moisture supply during the ripening period retards growth but increases sugar content in the juice. Although fruits with higher sugar content can be sold at a higher price, trees are weakened if water stress is prolonged; it is also very difficult to decide when to water-stress the tree. Severe water stress can upset the flowering pattern of trees and sometimes lead to death. Our experiment indicates that VAM fungi contribute substantially to the production of high quality fruits and the survival under and after water stress while supplying adequate P to the root. Shrestha (1994) reported the presence of VAM spores in every orchard in the Ehime citrus growing area, and that the percentage of VAM infection was high in every vigorous tree grown under plastic green houses or in the open fields. In particular, the higher percentage of VAM infection was observed in the high quality fruit-producing orchards which we attribute to increased uptake of P and enhanced photosynthetic activity.
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